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ABSTRACT 

In ’’Design Basis for Multiloop Positional Servomechanisms,” Lees 
develops a design method which coordinates the specifications, dynamic 
characteristics, interferences, and uncertainties. The method considers 
the generation of torques by the system, and through the concept of frequency- 
dependent coefficients in the performance equation, suggests certain modi- 
fications to the servomechanism to obtain desired performance. 

In order to verify the design basis, a positional servomechanism was 
constructed including several of the modifications suggested by Lees. These 
modifications included modified velocity signal damping and a modified dis- 
placement signal. This investigation presents the results of testing the 
modified positional servomechanism and compares these results to those 
results which were predicted by the design basis. Correlation between 
results was observed and the design basis is verified for the modified servo- 
mechanisms tested. 
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OBJECT 

The object of this investigation is to verify by 
experimental means a proposed servomechanism 
design basis. 



12 



CHAPTER 1 



INTRODUCTION 



Many current texts on servomechanism design and analysis deal principally 
with the dynamic properties, and treat load inertia and damping with inter- 
ferences as a separate problem. In analysis of the dynamic properties, heavy 
stress is laid on mathematical and graphical procedures, such as transfer 
locus, polar diagram, and frequency response. Arbitrary or empirical fig- 
ures of merit such as gain margin, phase margin, and resonance peak values, 
are cited which only indirectly relate the response to the actual physical 
properties of inertia, damping, and elastic effects. 

Lees (5)1 suggests a design basis which is based on an examination of the 
three physical properties above, and takes into account the specifications, 
dynamic properties, interferences, and uncertainties simultaneously. He 
examines a positional servomechanism and six modifications of the servo- 
mechanism and presents analogue computer studies of various responses for 
certain input functions. It is the purpose of this investigation to verify by 
experimental testing that certain of these predicted responses can be obtained. 



1 



Underlined numbers in parenthesis refer to Bibliography. 
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CHAPTER 2 



PRESENTATION OF THEORY 



Lees (5) presents a design basis which accounts for uncertainties, inter- 
ferences, and dynamic factors all at the same time. It is based on a general 
method discussed in Volume II of (6) and is an extension of Newton’s Third 
Law of Motion. An arbitrary point called the torque summing member (tsm) 
is chosen in the servomechanism and all torques acting on this point are 
added and set equal to zero. Under any conditions of operation, the perform- 
ance of the servomechanism can be completely described by the generation 
of torques due to inertial reaction, velocity damping, elastic restraint, and 
interferences. Thus 



Inertial Velocity Elastic 

reaction + damping + restraint + 
torque torque torque 



Interference 

torque 



In symbols this becomes 



M (ir) + M (d) + M (er) + M (intf) 



0 



0 (1) 



( 2 ) 



The inertial reaction torque is due to the acceleration of mass. In the 
positional servomechanism, this would include the effect of accelerating such 
members as motor armature, elements of the gear train, load (controlled 
member), and other accelerated components, such as signal generators. 
Velocity damping torque is proportional to velocities of certain components 
with respect to others. For this discussion, accelerations, velocities, and 
displacements are taken as angular accelerations, angular velocities, and 
angular displacements, and they are referred to the load or controlled mem- 
ber. Mass is taken as angular moment of inertia; damping coefficients are 
taken as proportional to angular velocity; and elastic restraint coefficients are 
taken proportional to angular displacement, although the discussion is also 
valid for linear displacements, etc. Torques due to interferences may include 
unavoidable losses, such as coulomb friction, wind effects on exposed com- 
ponents, or mechanical reactions on cutting tools. All such effects may be 
referred to the controlled member. The elastic restraint torque is generated 
mainly by a motor (torque generator (tg)). 
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A functional representation of a system for which this discussion will be 
applied is given below: 




Posifionol servomechanism functional diagram. 

Appendix A contains a derivation of equations for this system and all symbols 
used are defined therein. The performance equation, Eq. (A-20) in referenced 
appendix, is based on Eq. (2), and ignoring interference torque is 

[ I (cm)(eq) p2 + S (ps)[A;M](res) p + S (ps)|A;M]J A (cm) = S (ps)[A;M] A (in) (3) 



For a sinusoidal input, 

P = j 

Therefore, replacing the operator p by j u)^ f and letting j = V-T and 
= 2 tt n^ = 27r/Tj = angular forcing frequency, Eq. (4) becomes: 



(4) 



[ I (cm)(eq) w f + S (ps)[A;M](res) : ’ w f + S (ps)[A;M]] A (cm) S (ps)[A;M] A (in) 

(5) 

A general consideration of the requirements or specifications for any 
particular application will govern the choice of torque generator and gear train 
to be used. Discussions of this selection are available (3) and will not be 
included here. But in choosing these physical components, certain dynamic 
properties of the system are thereby established. For if the moment of inertia 
of the system and load is considered unchanging and the system 

elastic coefficient is chosen high enough to overcome interferences and load 
torque, a reference undamped angular natural frequency of the system 

is established. This parameter is defined in Eq. (A-21) of Appendix A, and 
is the square root of the ratio of elastic coefficient to the moment of inertia. 
The damping ratio C( ps )( res ) is also established (see Eq. (A-24)). C( ps )( res ) 
varies directly with the viscous damping effects of friction in gears and 
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Again, examining Eq. (5), it is seen that for a ramp input the steady-state 
response gives 



pA (cm) ' pA (in) 


( 6 ) 


p2 A (cm) = 0 


( 7 ) 



From Eqs. (5), (6), and (7), it is found that 



S (ps)[A;M] p A (in) + S (ps)[A;M] A (cm) = S (ps)[A;M] A (in) 



A (in) A (cm) 



= - FDE = _ (ps)[A;M| pA 

c ( in ) 

b (ps)[A;M] 



( 8 ) 

( 9 ) 



where FDE is defined as forced dynamic error. Forced dynamic error may 
be required to be small for a specified velocity input. On the basis of this 
requirement and that of restricting velocities in the velocity dominated fre- 
quency region described earlier, the velocity damping signal modifier is 
selected. Many modifiers have been described in the literature. Lees sug- 
gests one which is commonly used, and it is shown here in Fig. 5. A per- 
formance function and the associated frequency response for this type filter 
is shown in Fig. 20. This is a nondimensionalized plot in which the velocity 
signal modifier (vsm) characteristic time is taken as a proportionality con- 
stant r v times the positional servomechanism undamped natural period T. 



r v T (n)(ps) (dimensional) 



( 10 ) 



T v = 27rr v 



(nondimensional) 



By variation of the signal modifier characteristic time-positional servo- 
mechanism undamped natural period ratio r , more or less velocity damping 
signal can be passed at a given frequency, whiie at zero frequency or steady 
state, no signal will pass, and the FDE 



FDE = 



T v p 
1 + r v p 



S (ps)[A;M] + S (ps)[A;M](res) 



*(ps)|A;M] 



P A (in) 



( 11 ) 



T v p 

1 + T v p 



0 for p— ►O 



will be reduced to the minimum possible value. This minimum value would 
be that of the basic positional servomechanism. Reduction beyond this lower 
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bearings, air damping, and motor back e.m.f. , and inversely with the square 
root of the product of elastic coefficient and moment of inertia. 

Should the transient response of such a system prove too oscillatory, a 
negative feedback signal proportional to velocity may be added by use of a 
tachometer. Although this signal has a stabilizing effect and increases the 
damping ratio, (see Eq. (A-35)), it also has the undesirable effect of causing 
a greater difference between input angle and output angle during steady-state 
response to a constant velocity input signal. This is called velocity lag, or 
forced dynamic error, FDE. At the expense of adding a modifying component 
the undesired forced dynamic error may be removed. 

Before discussing any modification of the system, an examination of 
Eq. (5) will be made. It is noted that two of the terms in the bracket on the 
left-hand side are frequency dependent, that is to say, their magnitude varies 
with the forcing frequency For zero frequency, or static conditions, 

= 0, and A^ cm j is equal to A^ n ^. Since each term in the equation repre- 
sents a torque, the displacement torque exactly equals the input, and the 
other torques are zero. This is also approximately true for relatively low 

frequencies. As increases, the acceleration torque opposes the displace- 

1 2 
ment torque but is relatively small since it is multiplied by u )^ . The velocity 

dependent torque is 90 degrees out of phase with displacement torque and is 
also relatively small, since it is multiplied by Therefore, for static con- 
ditions and the relatively low range of frequencies, it may be said that the 
system is dominated by elastic effects. As increases, a point is reached 
where the acceleration torque is equal to and of opposite sense than the dis- 
placement torque. At this frequency the input torque must be balanced by the 
velocity dependent torque. The velocity torque term is the product of an 
angular velocity and a coefficient. With a small coefficient, the velocity will 
be large, and with a large coefficient, the velocity will be small. Therefore, 
the heretofore unimportant velocity dependent torque has become of prime 
importance in the velocity dominated frequency region and it appears logical 
to make the coefficient of this term frequency dependent. A sensible choice 
would be to make it zero at relatively low frequencies and a maximum in the 
region where the inertia and elastic reaction torques cancel each other. This 
is the basis for the modification included in the Modified Velocity Signal 
Damping Positional Servomechanism (ps)(mvsd) model shown in Fig. 12. 

2 

As increases still more, becomes much larger, and the acceleration 
torque term overpowers both the velocity dependent torque and the displace- 
ment torque. In this frequency region the system becomes useless for control 
purposes. 
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